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ABSTRACT—A growth factor that is highly mitogenic on BALB/c 3T3 cells and exists exclusively in

rat and mouse sera was purified from rat serum by heparin affinity chromatography (two times),

anion-exchange chromatography and hydrophobic interaction chromatography. The purified factor, rat

serum growth factor (R-SGF), was shown as a single band by SDS-gel electrophoresis and its molecular

weight was estimated to be 32 kDa. The molecular weight was confirmed by gel filtration chromatogra-

phy of the purified sample. The DNAsynthesis-stimulating activity of R-SGF was lost by treating with

protease, mercaptoethanol, acid and heating. R-SGF stimulated DNAsynthesis of rat lung fibroblasts

only when they were immortalized by going through crisis, whereas it had no effect on normal (mortal)

cells tested before the crisis. This biological property of the factor was different from that of

well-known heparin-binding growth factors, such as platelet-derived growth factor, acidic fibroblast

growth factor and basic fibroblast growth factor, which stimulated DNAsynthesis on both the mortal

and immortal cells. These results indicate that this factor is a novel growth factor.

INTRODUCTION

Various growth factors in the serum must play

important physiological roles throughout mamma-
lian life by regulating cell growth, cell differentia-

tion and cell migration in organs. However, they

have not been well studied, except a few major

ones such as platelet-derived growth factor

(PDGF). insulin-like growth factor (IGF), epi-

dermal growth factor (EGF), transforming growth

factor-,? (TGF-,?), because of their existing in small

amounts in serum.

In order to analyze serum growth factors, we

previously made a comparison study between sera

from various mammals, bovines, humans, rats and

mice, on their mitogenic activities, and found that

rat and mouse sera have greatly high activity as
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measured by stimulation of DNA synthesis on

BALB/c 3T3 cells, whereas fetal bovine serum

(FBS) and calf serum (CS) are far less in activity

[41]. Bowen-Pope et al. have reported a similar

result to ours [8], and other researchers have

demonstrated the presence of unknown factors in

rat serum, each of which is active to a specific cell

type(s) [15, 25]. Through a study on growth

factors in rat serum using heparin affinity chroma-

tography, we found the high activity of the serum

is caused by a certain heparin-binding growth

factor [41]. The factor was found to be present in

mouse serum as well, but not in human and bovine

sera. Wealso reported that the mitogenic activity

of the factor disappeared when human fetal lung

fibroblasts (TIG-1 cells) were used instead of

BALB/c 3T3 cells [41]. In the present paper, first

we describe the purification of this growth factor,

rat serum growth factor (R-SGF), and then study

its property of mitogenic activity as well as its
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physicochemical characteristics.

MATERIALSANDMETHODS

Animals and preparation of serum

Male Wistar rats of 8-13 months old were

obtained from the Supplying Facilities for Aged

Animals of the Tokyo Metropolitan Institute of

Gerontology. The animals were kept under a SPF

condition at 22°C and 55% relative humidity.

Serum was collected from those animals as de-

scribed in our previous paper [21], pooled and

stored at —70°C.

Assay of DNAsynthesis

DNAsynthesis-promoting activity was assayed

on BALB/c 3T3 cells by the method described in

our previous paper [41]. Briefly, 3T3 cells (2x 10
4

cells /ml) were inoculated in Dulbecco's modified

Eagle's medium (DME) (pH 7.3) containing 3%
CS and kept for 5 h in the medium, which was then

replaced by serum-deficient medium (0.2% CS).

After 24 h, test samples were added to the cul-

tures, and 16 h later the cultures were pulsed for 3

h with
[

3H]thymidine, followed by measurement of

the incorporation of radioactivity into trichlor-

oacetic acid-precipitable materials.

Purification of R-SGF

Heparin affinity chromatography. Rat serum,

after being centrifuged at 12,000 rpm for 20min,

was applied to a heparin-Sepharose CL-6B (Phar-

macia) column (22 ml bed volume, 1.5 I.D. x 12.5

cm) equilibrated with 10 mM Tris-HCl-0.1%

CHAPS-0.7 mM phenylmethylsulfonylfluoride

(PMSF) (pH7.3) (TCPB-1), containing 0.1 M
NaCl. Growth factors were eluted at a flow rate of

42 ml/h with the same buffer at first, then with 0.3

MNaCl in TCPB-1, followed by a 0.3-1.5 MNaCl

linear gradient in TCPB-1. One ml fractions were

collected and the DNAsynthesis-stimulating activ-

ity of each fraction was determined on BALB/c
3T3 cells. The fractions with the highest activities

were pooled, then concentrated and desalted using

Centriprep (Amicon Inc., Beverly, MA). Next,

the concentrated sample was applied to heparin

affinity high performance liquid chromatography

on a TSKgel Heparin-5PW column (Tosoh Corp.,

Tokyo, Japan; 0.75 I.D. X 7.5 cm), and eluted at a

flow rate of 30 ml/h in the same elution system as

that for the preceding heparin column.

Anion-exchange chromatography. A TSKgel

DEAE-5PWcolumn (Tosoh Corp. ; 0.75 I.D. X 7.5

cm) was equilibrated with 10 mMTris-HCl-0.1%

CHAPS-0.5 mMPMSF(pH6.9) (TCPB-2). The

active fractions from heparin HPLCwere applied

to the column, and material was eluted with the

same buffer followed by 0.2 MNaCl in TCPB-2

and then a 0.2-1.2 M NaCl linear gradient in

TCPB-2 at a flow rate of 24 ml/h.

Hydrophobic interaction chromatography.

Finally, the most active fractions collected from

the preceding processes were applied to hydropho-

bic interaction chromatography on a TSKgel

Phenyl-5PW column (Tosoh Corp.; 0.75 I.D. X 7.5

cm) having been equilibrated with 0.1 MKH2P04
-

NaOH-0.05% CHAPS-O.lmM PMSF (pH7.0)

(KCPB), containing 1.5 M (NH4 ) 2S04 . Material

was eluted at a flow rate of 18 ml/h by two steps of

linear gradient : 1.5M-0.57M (NH4 ) 2S04 in

KCPBand 0.57 M-0 M(NH4 ) 2S04 in KCPB.
SDS-electrophoresis. The final sample thus

purified and the sample partially purified from the

second heparin column were applied to polyacryla-

mide gel electrophoresis according to the method

of Laemmli [22]. After electrophoresis, the gel

was fixed and stained by a silver staining kit

(Daiichi Pure Chemicals Co., Ltd., Tokyo,

Japan).

Gel filtration chromatography of purified R-SGF

Purified R-SGF (approximately 0.7 ng) was ap-

plied to gel filtration chromatography on a TSKgel

G2000SW column (Tosoh Corp.; 0.75 I.D. X30

cm) equilibrated with 10 mMTris-HCl-0.04%

CHAPS(pH7.0), containing 1.0 MNaCl. Mate-

rial was eluted with the same buffer at a flow rate

of 12 ml/h, and 0.2 ml fractions were determined

for their activity.

Treatments of purified R-SGF

For the examination of the susceptibility of

R-SGF to protease digestion, purified sample

(approximately 0.4 ng) was incubated at 25°C for 7

h with 2 /ug/m\ of non-specific protease (Bacterial,
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Type IV, Sigma). The effect of a reducing agent

on R-SGF was determined by incubating sample

(about 0.5 ng) with 0.1 M 2-mercaptoethanol at

25°C for 3 h. To determine the stability of R-SGF
to heat and acid, sample (about 0.5 ng) was heated

at 100°C for 5 min, or incubated with 1 M acetic

acid for 60 min or 7 h.

Cultures of mortal and immortal cells, and deter-

mination of the responses of those cells to R-SGF
and other growth factors

Primary cultures of rat fetal lung fibroblasts (RL
cells) were prepared from the lung of a Wistar rat

fetus (gestational age. 20 days) as described in our

previous paper [41], and maintained in DME(pH

7.3) supplemented with 10% FBS and antibiotics.

They were subcultured for a long enough period so

that the cells went through crisis and became

immortalized fully. Cells at 7 population doubling

level (PDL) (normal and mortal cells) and cells at

51 PDL (immortalized cells) were used for the

determination of DNAsynthesis-stimulating activ-

ity of purified R-SGF and other well-known

growth factors, basic fibroblast growth factor

(bFGF), acidic fibroblast growth factor (aFGF)

and PDGF. With both cells the procedure for

DNAsynthesis assay was the same as for BALB/c
3T3 cells except that the cell number for both RL
cells was 4xl0 4

/well instead of 2xl0 4
/well for

3T3 cells. The rat lung fibroblasts as well as

BALB/c 3T3 cells were confirmed to be free of

mycoplasma contamination [43].

Growth factors

PDGFand bFGF were purchased from Takara

Shuzo Co. Ltd., Kyoto, Japan and R&DSystem,

Inc., Minneapolis, MN, respectively. Acidic FGF
was kindly donated by Dr. K. Nishikawa of Kana-

zawa Medical University.

RESULTS

Purification of R-SGFfrom rat serum

When rat serum was fractioned on a heparin-

Sepharose CL-6B column, four peaks which stimu-
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Fig. 1. Heparin-affinity column chromatography of rat serum

Rat serum (about 10 ml) was loaded onto a heparin-Sepharose CL-6B column and eluted at a flow rate of 42 ml/h

as described in Materials and Methods. One ml fractions were collected and their absorbance at 280 nm were

monitored (dotted line). The mitogenic activity was measured by incorporation of
[

3 H]thymidine into BALB/c
3T3 cells and expressed by units; one unit was defined as the amount of FBS which elicited a half maximal

stimulation of DNAsynthesis in the same assay procedure (thick solid line). The thin solid line represents the

molar concentration of NaCl.

1^
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Fig. 2. Ion-exchange chromatography on a DEAE-5PWcolumn

The pooled sample of active fractions from heparin-affinity HPLCwas loaded onto a DEAE-5PWcolumn and

eluted as described in Materials and Methods. Four hundred microliter fractions were collected and their

absorbance at 280 nm was monitored (dotted line). The mitogenic activity of each fraction was measured by

incorporation of
[

3 H]thymidine into BALB/c 3T3 cells and expressed as dpm per well (1 ml) in the thick solid

line. The NaCl concentration was expressed in the thin solid line.

20 40 60 80

Fraction Number

100 120

Fig. 3. Hydrophobic interaction chromatography on a phenyl-5PW column.

The pooled sample of active fractions from DEAEcolumn was applied to a phenyl-5PW column and eluted by

two steps of (NH4 ) 2S04 linear gradient as described in Materials and Methods. Three hundred microliter

fractions were collected and their absorbance at 280 nmand their mitogenic activity on 3T3 cells were determined.
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lated the incorporation of
[

3 H]thymidine into

BALB/c 3T3 cells were observed (Fig. 1). The

fractions of the biggest peak, which eluted at 1 . 1 M
NaCl, were collected and desalted. This step

provided more than 3.000-fold increase in the

specific activity from the serum level. The sample

was then subjected to heparin affinity HPLCon a

TSKgel Heparin-5PW column, and only one peak,

which eluted at around 1.0 M NaCl, showed

mitogenic activity (data not shown). When the

fractions of this peak were further fractioned on a

TSKgel DEAE-5PW column, mitogenic activity

was eluted at around 0.55 MNaCl (Fig. 2). The

most active fractions from DEAE column were

loaded onto a TSKgel Phenyl-5PW column, and

finally purified growth factor was eluted at around

0.35 M (NH4) 2S04 (Fig. 3). The material was

named rat serum growth factor, R-SGF. About

100 ng of R-SGF was obtained from 100 ml of rat

serum by these purification procedures.

Homogeneity of R-SGF

The homogeneity of the final sample (R-SGF)

from these purification procedures was analyzed

by SDS-PAGEand gel-filtration. On a polyacryla-
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Fig. 4. SDS-PAGEof sample from the second heparin

column (A) and purified R-SGF (B)

Samples were dialyzed against 10 mMTris-HCl (pH

7.2), and the partially purified sample was applied to

a 15% polyacrylamide gel (A) and the final prepara-

tion (about 10 ng) was to a 10-20% gradient gel (B).

The molecular markers were as follows; phosphory-

lase b (97.4 kDa), bovine plasma albumin (66.3

kDa), aldolase (42.4 kDa), carbonic anhydrase (30.0

kDa), trypsin inhibitor (20.1 kDa) and lysozyme

(14.4 kDa).
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Fig. 5. Gel filtration of purified R-SGF

Purified R-SGF was loaded onto a G2000SWcolumn and eluted as described in Materials and Methods. Two
hundred microliter fractions were collected and determined for their mitogenic activity on BALB/c 3T3 cells

(thick solid line) and absorbance at 280 nm (dotted line). The molecular weight markers were indicated by

arrows: albumin (67 kDa). ovalbumin (43 kDa), chymotrypsinogen A (25 kDa) and ribonuclease A (13.7 kDa).
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mide gradient gel (10-20%) R-SGF migrated as a

single band in a position corresponding to 32 kDa

(Fig. 4). In order to confirm the molecular weight,

the purified R-SGF was applied to gel filtration

chromatography. As shown in Fig. 5, only one

peak of mitogenic activity was obtained at a posi-

tion corresponding to 32-37 kDa.

Physicochemical characterization

Table 1 shows the effects of various treatments

of purified R-SGF on its mitogenic activity in

BALB/c 3T3 cells. The activity was lost drastical-

ly by heating at 100°C for 5 min. As a result of the

treatment with 1 Macetic acid both for 60 min and

7 hr, the activity sharply decreased. The factor

was also inactivated drastically by the digestion

with protease, and completely lost its activity by

the reduction with 0.1 M2-mercaptoethanol.

Conditions of cells for responding to purified R-

SGF

Rat fetal lung fibroblasts (RL cells) were subcul-

tured to over 60 PDL, and during the course they

Table 1. Effects of various treatments on the

mitogenic activity of R-SGF

Treatment
Remaining

activity

(%)

None 100

100°C, 5 min 4.7

1 M Acetic Acid, 25°C, 60 min 9.9

1 M Acetic Acid, 25°C, 7hr 6.2

0.1 M 2-Mercaptoethanol, 25°C, 3hr 0.4

Protease (Bacterial, Type IV), 25°C, 7 hr 5.5

* Values are the means of two test samples.

underwent crisis at 15 PDL (data not shown). As

shown in Fig. 6, RL cells which had undergone

crises and eventually had become immortalized

acquired more intense sensitivity to the well-

known growth factors (Fig. 6B) than cells still in

mortal state (Fig. 6A), because immortal cells

began to elicit DNAsynthesis with less amounts of

factors and exhibited more amounts of DNA
synthesis than mortal cells. Among well-known

growth factors tested, bFGF had the highest sensi-

„-* 1.0 -

0.001 0.002 0.005 0.01 0.02 0.05 0.1 0.2 0.5 1 10

Growth Factor (ng)

Fig. 6. Mitogenic activities of R-SGF and other common growth factors on normal (mortal) cells (A) and

immortalized cells (B)

Various amounts of four kinds of growth factors, R-SGF (•—•), bFGF (O-O), aFGF (A—) and PDGF
(A -A) were determined for DNAsynthesis-stimulating activity on 7PDL (A) or 51 PDL (B) of RL cells (See

Materials and Methods). The figures on the horizontal axis indicate the concentration of growth factors (ng/ml

well).
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tivity to both RL cells, because the amount needed

for initiating DNA synthesis stimulation was

around 0.01 ng for mortal cells and it shifted to

0.005 ng for immortal cells. The second sensitive

was aFGF with the shift from around 0.5 ng for

mortal cells to 0.3 ng for immoral cells, followed

by PDGFwith the shift from around 3 ng to 0.2 ng.

To the contrary, R-SGF could not elicit DNA
synthesis at all on mortal cells even at the amount

of about 4 ng, more than 100 times higher than

that needed for immortal cells (around 0.04 ng),

although it showed considerably higher mitogenic

activity, next to bFGF, on immortal cells. From

these results, it is suggested that R-SGF is a novel

growth factor exclusively active to immortalized

cells.

DISCUSSION

Previously we have reported that rat serum

contains a certain heparin-binding growth factor

which is highly active on BALB/c 3T3 cells, but

not on normal human fetal fibroblasts, TIG-1 cells

[41]. Wealso found that the factor exists in mouse

serum besides rat serum, though in less contents,

but completely does not in human serum, FBS and

CS [41]. These features of being mitogenic on

BALB/c 3T3 cells but not on TIG-1 cells, and

present only in rat and mouse sera gave us a

suggestion that this factor might be a novel growth

factor, because well-known heparin-binding

growth factors such as PDGF, aFGFand bFGFare

commonly present irrespective of species and

stimulate DNAsynthesis on normal human fibrob-

lasts as well as on BALB/c 3T3 cells [17, 34]. In

addition, through studying age-related changes in

its serum level for male rats, we have discovered

that the factor is derived from platelets and that its

mitogenic activity is high both in rats of 1 month

old and in rats older than 12 months with an

increase toward old age (24 months old) [42].

These findings suggested that the factor plays a

certain important role during rat's life: both in

early development and in some incidents that

occur in old stages, such as wound healing or

cancer forming promotion.

In the present paper, we purified the factor,

R-SGF. and made a physicochemical characteriza-

tion of the material. R-SGF was purified by 4 steps

of chromatography; heparin-affinity chromatogra-

phy, heparin affinity HPLC, ion-exchange chroma-

tography and hydrophobic interaction chroma-

tography. Purified R-SGF was shown as a single

band on a SDS-plate in the position corresponding

to 32 kDa (Fig. 4). Since the factor was susceptible

to SDS (data not shown), the molecular weight of

32 kDa was further analyzed by gel filtration. It

was confirmed when we obtained a single peak of

activity at the position of around 32-37 kDa from

the G2000SWcolumn (Fig. 5).

There have been lots of reports on various kinds

of growth factors, and the major ones of them can

be grouped into five superfamilies based on nuc-

leotide and amino acid sequence homology;

PDGF, FGFs, EGF, IGF, transforming growth

factor-^ (TGF-/?) [1, 7, 13, 20, 36, 37]. Among
them PDGFand TGF-/? are comparable to R-SGF
on the grounds that the three are platelet-derived

and have similar molecular weight (PDGF, 30

kDa; TGF-/?, 25 kDa) [7, 13]. However both

PDGFand TGF-/? are heat and acid stable [14,

23], whereas R-SGF was highly susceptible to heat

and acid treatments as shown in Table 1. Based on

molecular weight, R-SGF is not likely to be EGF
(0.6 kDa), IGF (0.7 kDa), aFGF (16 kDa) nor

bFGF (16 kDa) [1, 20, 36, 37]. A few growth

factors regarded as FGFfamilies have been recent-

ly identified [5, 11], but they have not been well

studied about their individual characteristics.

More studies are needed to compare R-SGF with

FGF family members. Recently interesting hepar-

in-binding growth factors have been reported,

hepatocyte growth factor (HGF) [28], heparin-

binding EGF-like growth factor (HB-EGF) [18]

and heparin-binding glia-activating factors (HB-

GAGs) [30], but they are different from ours on

the grounds that HGF (85 kDa) has very little

activity on BALB/c 3T3 cells (unpublished data),

HB-EGF is heat and acid stable [18] and HB-

GAGs are considerably stable to acid treatment

[30]. Since R-SGF was found in serum, we could

assume that it is a kind of cytokines. Only a few

cytokines, interleukin-1 (IL-1), interleukin-6 (IL-

6), and tumor necrosis factor a (TNF-a) have been

reported to be mitogenic on 3T3 cells [19, 39, 40],

and the molecular weights of them are all different
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from R-SGFs : IL-1 (12-20 kDa), IL-6(21 kDa),

TNF (17 kDa) [2, 19, 27]. These findings verified

that R-SGF is a novel growth factor different from

hitherto structurally investigated growth factors.

In order to clarify the meaning of the previous

finding that the factor showed different mitogenic

properties between on 3T3 cells and on TIG cells,

we used two kinds of cells which were in different

stages of cell immortalization: 7 PDL cells (mortal)

and 51 PDL cells (immortal). The result shown in

Fig. 6 demonstrated that the sensitiveness of cells

to the well-known and common growth factors

generally increased when cells became immortal-

ized after going through crisis. Although it has

been well known that transformed malignant cells

have less dependency on serum or growth factors

because of their ability to produce autocrine fac-

tors) [9, 35], there have been almost no reports on

a shift in cell sensitivity to growth factors as a result

of cell immortalization, except a few reports on the

shift in the responses to serum and some hormones

[4, 24]. This report is probably the first ex-

perimental one exhibiting a change in dose-

dependent curves of cell responses to the well-

known growth factors caused by cell immortaliza-

tion. As Denhardt et al. have demonstrated, it

might be the case that the establishment of perma-

nent cell lines from primary embryo cells in serum-

containing medium reflects the selection of a

variant subpopulation of non-preexisting cells [12].

More definite studies are required to clarify the

shift in cell responses caused by immortalization.

R-SGF, however, exhibited a completely diffe-

rent feature from that of those factors mentioned

above (Fig. 6). The results indicated that R-SGF is

a growth factor which stimulates DNAsynthesis

only when cells get immortalized and can not

stimulate that of cells still in mortal state. This

unique property of being mitogenic exclusively on

immortal cells accounts for the findings in our

previous paper [41]. There have been very few

reports on growth factors having the similar fea-

ture of being exclusively active to immortalized

cells. Still Narita has reported that cells spon-

taneously immortalized from primary liver cells

react to a certain autocrine growth factor(s) from

the cells, whereas the primary cells do not [29].

The autocrine factor might be a similar kind of one

to ours. The presence of these factors could

provide a possibility that cells in a specific phase of

cellular malignant transformation (normal, immor-

talized, transformed and metastatic cell phases)

require a certain factor(s) specific to the stage.

Actually, recent studies seem to support the idea:

during malignant transformation, specific growth

factors are produced [31, 38], receptors of some
growth factors are changed [3, 10, 16] and cell

responses to certain factors are changed [6, 26, 32,

33]. R-SGF might be able to offer a great help to

studying the cell transformation mechanism.

Since R-SGF exists in sera from normal rats as

well as animals with cancer tissues, there is possi-

bility that the factor affects a certain specific

type(s) of normal cells in vivo. Weare now trying

to identify the amino acid sequence of R-SGF and

planning to clarify its physiological roles in vitro

and in vivo.
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